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ABSTRAQ 
A new method €or determining the sizes of iron 
parts in a magnetic circuit, which preserves the 
requirement of prescribed flux densities, has been 
developed. In order to take into accounl the nonlinear 
rharacteristirs of' iron, the magnetization integral 
equation method is used in the analysis. The 
effectiveness of the method is examined by applying it 
to the design of pole shape of an electromagnet. 
1. INTRODUCTION 
It is required to develop an optimal design method 
for determining the sizes of iron parts, while 
preserving the requirement of prescribed flux 
densities. The optimal design method for determining 
the sizes of iron parts using the houndary element 
method has already been reportedill. The nonlinearity 
of iron, however, cannot be taken into account by using 
such a method. Although, in order to take into account 
the nonlinearity, some studies of determininq the sizes 
of permanent magnetsl21 and iron parts13,41 have been 
carried out using the finite element method, the sizes 
cannot be always determined successfully, especially in 
the complicated cases. 
The optimal design method for determining the 
sizes of iron parts taking into account the 
nonlinearity of iron has been developed by using the 
nonlinear programming method[5] and the magnetization 
integral equation methodI61. As an example of' 
application, the pole shape of an electromagnet which 
produces the uniform flux distribution is determined. 
2. OPTIMAL DESIGN METHOD 
2.1 Outline of the method 
The method is explained by an example shown in 
Fig.1. No eddy current flows in the iron parts and 
the winding. The z-components of the flux densities 
at n points PI--Pi--Pn shown in Fig.l are 
specified. The iron parts are divided into m 
rectangular brick elements, of which the lengths are 
L1 --Li --L., and these are treated as unknown 
variables. The length Lj can be obtained by 
minimizing the following objective function[5J: 
w = $ , ( B ~ ~ , - - : ~ ~ , ( L ~ ) I  2 (1) 
where Bei(Lj) is the z-component of the flux 
"'&''' *P n 
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Fig.1 Analyzed model .  
c u r r e n t  
density at t.he point i .  BOei denotes the specified 
values of Bei . As the obtained length should 
he within the maximum length L,jnax in the design of 
actual machines, for example, the following 
constraints should also be considered. 
g(L,)= L,-L,. . .4 0 (2) 
AS BZ i (Lj) should be the function of the length 
Lj in the nonlinear programming method, the 
magnetization integral equation method is used to 
denote the nonlinear relationship between Bzi(Lj) 
and L j .  
As Bzi(L.j) is the nonlinear function of Lj, 
the objective function W becomes also a nonlinear one. 
The penalty function methodl51, Marqardt's method[7], 
augmented Lagrangian met.hodl51 etc. are used as 
nonlinear programming methods which can take into 
qccount the constraints in Eq.(2). As the convergence 
of the penalty function method is slow, and 
experiences are necessary for determining a weighting 
factor in the case of Marqardt's method, the augmented 
Lagrangian method is used here, because it does not 
have such disadvantages. 
2.2 Formulation 
In the augmented Lagrangian method, the following 
Z = W + =,C., [ t m a x ( 0 .2 r g ( L i  ) + k .i 11 * - k J * 1 
modified objective function should be minimized[5]: 
1 '  
( 3 )  
where, W is  the objective function denoted in Eq.(l), 
and g(Lj) is the constraint in Eq.(2). Lj and I' 
are the Lagrange multiplier and the penalty parameter 
respectively[ 51. 
Equation(3) can be minimized by solving the 
following equation[5j: 
( 4 )  
In the augmented Lagrangian method, the length 
Ljq" of the jth element at the (qt1)th iteration 
is given by 
L ; q . l = L ; q + + a a  . 6 L j q  (5) 
as is a coefficient determined by a linear-search 
method(8j. 6Ljq is given by 
Lj and 2 in Eq.(6) denote the values at the q-th 
iteration. The above equation can be solved by using 
the quasi-Newton method[5]. dZ/ dLj can be written as 
follows using Eqs.(2) and (3): 
( 7 )  
From Eq.(l), aW/ aLj can be given by 
(8) 
Bzi(Lj) and aBzi(Lj)/ aLj ran be given by the 
following equations[6]: 
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where t l c z i  i s  t h e  e-component. of t.he magnetic f i e l d  
int.ensit.y a t  t h e  point, I'i produced by t,he excitiri,? 
current.. H r z i  can be ca l cu la t ed  u s i n E  t.he Hiot.- 
Sava r t ' s  law. [io is the  permeabi1it.y of vac'uurn. The 
s u b s c r i p t s  x ,  y and z denote t h r  x - ,  y- and z- 
components respeckively.  M x , ~ ,  M y , j  and M z . ~  are 
c:alculat,ed by so lv ing  t h e  following equat.ion of t,he 
magnetizat,ion i n t e g r a l  equat.ion methodl 6 I :  
(11) 
where i i s  t he  number of f i e l d  point  and .j is the  
number of sourc:e po in t .  f i  is t h e  permeabi l i ty  of i ron .  
C i  j is the so-(:a1 led C coe t f i c i e .n t l6  I ,  and is denotecl 
by a 3x3 matrix as follows: 
C x x i j  C x y i j  C x z i j  L C z x i j  C z y i j  C z z i j  C i j =  C y x i j  C y y i j  G z i j  ] ( 1 2 )  
In the  rase of a br ick element shown i n  Fig.2,  f o r  
example, C x x i j  can he wr i t t en  as follows: 
1 6 2 2  
C x x i  j=- c c C(- l ) '* '+ .  
4 KLlE , - l l - l " = l  
(14) 
x p i ,  xqj r t c .  are denoted i n  Fig.2. Equat ions( l3)  
and ( 1 4 )  denote  t h a t  C x x i j  is a funct ion of t he  
length L . j .  
The Newton-Raphsori method is used t o  s o l v e  E C I .  (11) 
i n  o rde r  t o  take i n t o  account. t he  non l inea r i ty  of i ron .  
2 . 3  Calcu la t ion  pr 'owdure 
The procedure f o r  dptermining the  lengths  of i ron 
p a r t s  is denoted in Fig.3.  
0: The i n i t i a l  values  of L j ,  U ,  A , j  and I' arc 
se t .  (a : The magnetization 1 I . j  i n  each element is 
ca l cu la t ed  from Eq. ( 11 ) by the  Newton-Kaphson 
method. 
z Pi ( X P ~  , Y P ~  , z P ~ )  
t "  
Fig.2 Brick element. 
, 
convergence ? > @ NO 1 YES 
I modificationif  k , D  and r Y I O  1 
@ - (6) : L j q "  is ca l cu la t ed  using t h e  quasi-Newton 
method. The i t e r a t i o n  is c a r r i e d  out  u n t i l  
(2 9 .  6 L j "  becomrs s u f f i c i e n t l y  small. 
CB - (8, : A j p  and r p  are modified u n t i l  t h e  optimum 
values  of A j P  and rP are ob ta ined [5 ] .  
3 .  DESIGN OF POLE SHAP6 OF ELECTROMAGNET - ~--__ 
T h e  pole shape of t.he electromagnet shown i n  Fig.4 
i s  determined by using the  above-ment.ioned optimal 
design method. 1/4(x,z>O) of t h e  whole region is 
analyzed. The pole  and the  yoke are both made of 
s t e e l s .  The cu r ren t  in t h e  winding is d.c .  and t.he 
ampere t u r n s  of t he  winding are 12210AT. The average 
f lux  d e n s i t i e s  at  t h e  planes S I  and Sz i n  Fig.4 are 
1.73T and 0.55T respect , ively,  and t h e  leakage f lux  
d i s t r i b u t e s  t l irre-dimensionally.  Therefore ,  t h i s  is a 
3-D nonlinear  model. 
The z -d i r ec t iona l  components of the f l u x  d e n s i t i e s  
HOZ a t  36 po in t s  in Fig.5 are a l l  s p e c i f i e d  t o  be 
0.33T. The maximum length L j m a x  shown i n  Fig.5 is 
assumed t o  be 18 mm. Figure 6 shows t h e  subdivis ion.  
The number n e  of br ick elements i s  equal  t o  210. 
Figure 7 denotes  the  obtained shape of t he  pole  
taking in to  account t h e  non l inea r i ty  of  i ron .  Figure 8 
shows the  f lux  d i s t r i b u t i o n s  of t,he init , ial  and 
obtained shapes.  The f i g u r e  suggests  t h a t  t he  f l u x  
2 
X 
wind ing  
\ k3W 
-Y 
Fig.4 Model of electromagnet. 
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F i g . 5  P r e s c r i b e d  p o i n t s .  
Coordinate(mm) 1 Flux a e n s i t y  B z ( T )  
x ' y z 1 Calcu la t ed  I Measured E r r o r ( % )  
z 
1 
P I  1 0 . 0  -15.0 
P r  I 0 . 0  I - 5 . 0  
P 1 0.0 I 10.0 
P a  112.5  1-10.0 
P c  I 1 2 . 5  1 - 5 . 0  
Pt, 1 1 2 . 5  1 15.0 
e 
Y 
I 
0 . 0  0.334 0.342 I -2 .3  
0 . 0  0.318 1 0.343 1 -1.3 
0 . 0  1 0.312 I 0 . 3 4 3  -9.0 
3 .0  , 0.326 I 0 .345 1 -5.5 
3 . 0  0.315 ~ 0 . 3 4 7  1 - 9 . 2  
3 .0  0.312 1 0.346 ~ -9.8 
F i g . 6  S u b d i v i s i o n .  
z 
-7y 
F i g . 7  O b t a i n e d  s h a p e .  
I 
p r e s c r i b e d  f l u x  d e n s i t y  
I 
. : o b t a i n e d  s h a p e  
(2 p o s i t i o n  B Y p o s i t i o n  6 
( a )  a l o n g  a -  B ( b )  a l o n g  Y -  6 
F i g . 8  C o m p a r i s o n  of f l u x  d e n s i t i e s .  
d i s t r ibu t , ion  approachc>s t o  a uniform one b y  opt imizing 
the  shape of the pole .  
4 .  EXPERIMEN'TS 
The v e r i f  icat . ion of t.he developtd sof't,wiirc i s  
c a r r i e d  out. by comparing calculat .ed results wi t .h  
measured ones. The f l u x  dist .r ibut. ion at. t,hr qap of t . h r  
elect.romagnet. in F i g . 4 (  i n i t . i a l  shapc) i s  measurrtl using 
a I I a L I  p r o l ~ e .  A s  the  f l u x  dens i ty  i s  v r r y  much a1'frc.t.rd 
calculated - meosured 
measured 
E =  X 100 % (15) 
T h e  d i  screpanr ies brtwpen the c;il cnlat.ed and measured 
results may 1)r ( 1 1 1 ~  t.o t.he fac t  t.liat t h r  elrnic~nt used i s  
not. so nccurato and t.hr I l u m k J r r  ne of elements is 
i nsuf t i c  i tln t . 
T a b l e  1 C o m p a r i s o n  of c a l c u l a t e d  
a n d  m e a s u r e d  r e s u l t s  
5. CONCLliS IOKS 
Although i t  beramp possible t.o determine the  sizes 
of iron pi1rt.s t ak ing  int.o ac.rouiit t.he non1 inwiri  t y ,  
thew are many problems l o  he invc.st.igated i n  fuI,~ire as 
f'ol l o w s :  
( a )  i r i t  roduct ion of' more a c r u r a t c  elements such as a 
high order  t.lemrn(. with an ar l ) i t . rary shape, 
( b )  comparison wilh 0 1  her opt imiza t ion  met.hods such as 
the con.jugatx gradient me.t.hodI 5 1, 
( r )  developmenl. of a mcl.hod w h i c h  can take int.0 
ac.counl eddy cur ren t.s, 
( d )  vrrif'ic.at,ion (whether 1hc s i z e s  <.an be siic.cessful- 
l y  ol)laiiied o r  not. ) of' the opt.irna1 dcsign method 
using typ ica l  models. 
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